Annonaceous acetogenins are a well-established family of natural products with significant bioactivities, especially high cytotoxic and antitumor activities. AA005 is an annonaceous acetogenin mimic that has shown significant cytotoxicity against a variety of cancer cell lines, but its in vivo antitumor effects have not been demonstrated so far, and its anticancer mechanisms remain ambiguous. In this study, we investigated the effects of AA005 on human colon cancer cell lines in vivo. Human colon carcinoma cell line SW620 xenograft nude mice were treated with AA005 (5 mg/kg/day, i.p.) for 21 days. AA005 administration markedly inhibited the tumor growth via promoting nuclear translocation of apoptosis-inducing factor (AIF) and inducing AIF-dependent cell death. Subsequent studies in human colon carcinoma cell lines SW620 and RKO in vitro revealed that after the colon cancer cells exposed to AA005, downregulation of a B-cell lymphoma 2 family protein, myeloid cell leukemia-1 (Mcl-1), was an early event due to the inhibition of Mcl-1 mRNA level and protein synthesis in a time-dependent manner. Intriguingly, knockdown of Mcl-1 using small interfering RNA markedly accelerated the nuclear translocation of AIF and upregulation of receptor interacting protein-1, and enhanced AA005-mediated lethality, whereas ectopic expression of Mcl-1 substantially attenuated AA005-mediated lethality in the colon cancer cells. Finally, silencing Mcl-1 expression markedly enhanced AA005-induced lethality in SW620 xenograft nude mice, demonstrating a pivotal role of Mcl-1 downregulation in mediating the in vivo antitumor effects of AA005. Taken together, this study demonstrates for the first time the anticancer effects of AA005 against human colon cancer cell lines in vivo, which is mediated through the downregulation of Mcl-1.
INTRODUCTION
Annonaceous acetogenins are a well-established family of natural products with significant bioactivities, especially high cytotoxic and antitumor activities [1, 2] . Over the past few years, Yao and coworkers [3] successfully developed a series of annonaceous acetogenin mimetics, and more interestingly, they found that some of these analogs have significant selectivity between human cancer cells and normal cells. In the current study, a new annonaceous acetogenin mimic, AA005, showed satisfactory selectivity and also the best antitumor activity against several human cancer cell lines among a set of mimetics of annonaceous acetogenin [4] [5] [6] [7] . However, toxicity studies and the in vivo antitumor effects of AA005 have not been investigated thus far, creating an obstacle to its further development as a leading drug.
Evidence supports that AA005 co-localizes with the mitochondria, can activate AMP-activated protein kinase and inhibit the mTOR complex 1 signal pathway, leading to growth inhibition and autophagy of cancer cells [8] . However, little is known of other signaling pathways involved in the regulation of AA005-induced cancer cell death. Interestingly, our recent study indicated that AA005 could induce apoptosis-inducing factor (AIF)-dependent but caspase-independent cell death [7] . However, the intrinsic cell death signaling that triggers AIF translocation to cause AA005-induced cell death remains ambiguous. In this work, we further clarify the molecular mechanisms of AA005 killing of cancer cells.
Stress-induced cell death in mammalian cells is regulated by the B-cell lymphoma 2 (Bcl-2) family proteins through a series of orderly events in which mitochondrial outer membrane permeabilization (MOMP) is critical. It appears that the pro-apoptotic family members Bax and Bak are crucial to inducing permeabilization of the outer mitochondrial membrane and the subsequent release of apoptogenic molecules such as cytochrome c, DIABLO, and AIF [9] [10] [11] [12] . Anti-apoptotic family members such as Bcl-2 and B-cell lymphoma-extra large (Bcl-xL) inhibit Bax and Bak [13] [14] [15] . Myeloid cell leukemia-1 (Mcl-1) is also an anti-apoptotic Bcl-2 family protein frequently overexpressed or amplified in human cancers [16] [17] [18] . A number of recent studies suggest a critical role of Mcl-1 in tumor cell survival and therapeutic resistance [17, 19] . Selective overexpression of Mcl-1 in hematopoietic tissues of transgenic mice promotes the survival of hematopoietic cells and enhances the outgrowth of myeloid cell lines [20] . Mcl-1 downregulation is often sufficient to promote apoptosis in cancer cells, suggesting that Mcl-1 could be a potential therapeutic target in the treatment of several human cancers [19, [21] [22] [23] . RIP kinases constitute a family of seven members, i.e., RIP1-7, that includes serine threonine kinases as crucial regulators of cell survival and cell death. Indeed, the kinase receptor interacting protein-1 (RIP-1) has been implicated in the regulation of apoptosis [24] and necroptosis [25] .
In this study, we report for the first time that AA005 exhibits in vivo antitumor activity by induction of cell death, which is mediated by downregulation of Mcl-1. The results indicate that AA005 downregulates Mcl-1 expression through inhibition of the transcriptional and translational mechanism. Furthermore, knockdown of Mcl-1 accelerates AIF translocation and upregulation of RIP-1 and enhances AA005-mediated lethality, whereas ectopic expression of Mcl-1 substantially attenuates AA005-mediated lethality in these cells. Our in vivo results indicate that silencing of Mcl-1 expression markedly inhibits tumor growth and enhances AA005-induced lethality, thus demonstrating a pivotal role of Mcl-1 downregulation in mediating the antitumor effects of AA005. This study further elucidates the mechanism of AA005 as an antitumor agent and offers novel therapeutic clues for treating colon cancers.
MATERIALS AND METHODS

Chemicals and reagents
Annonaceous acetogenin mimic AA005 (kindly supplied by the State Key Laboratory of Coordination Chemistry, Nanjing University, Nanjing, China) was dissolved in dimethylsulfoxide as a 5 mM stock solution and was stored at −80°C. Antibodies against AIF, Lamin B, Cox IV, Mcl-1, Bcl-2, Bcl-xL, Bax, and actin were purchased from Cell Signaling Technology (Beverly, MA, USA).
Cell culture and treatments Human colon carcinoma cell lines SW620 and RKO were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in RPMI-1640 medium (Hyclone, Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA) in a 5% CO 2 humidified atmosphere at 37°C. For experiments, cells were seeded at 2-5 × 10 5 cells/mL and incubated with or without the indicated concentrations of AA005.
Animal experiments Animal care and experiments were performed in strict accordance with the "Guide for the Care and Use of Laboratory Animals" and "Principles for the Utilization and Care of Vertebrate Animals" and were approved by the committee for humane treatment of animals at Shanghai Jiao Tong University School of Medicine. Nude mice (5 weeks old) were purchased from Shanghai Model Organisms Center, Inc. (Shanghai, China). SW620 cells and shNC or shMcl-1 SW620 cells (1 × 10 6 /0.2 mL per mouse) were suspended in sterile PBS and injected subcutaneously into the mice. Seven days after tumor inoculation, the treatment group received AA005 (5 mg/kg) intraperitoneally for 21 days. The control group received an equal volume of solvent control. Tumor size and body weight were measured every day. Tumor volumes were determined by caliper and calculation according to the formula (width 2 × length)/2. All animals were killed immediately after 21 days of drug exposure.
Immunohistochemical staining Immunohistochemical (IHC) staining was applied to detect the protein levels of Mcl-1 and subcellular localization of AIF between different tumor tissues with anti-Mcl-1 (Abcam, Cambridge, MA, USA, ab32087) or anti-AIF (Cell Signaling Technology, Danvers, MA, USA, #4642) antibodies. IHC staining was performed according to the manufacturer's protocol. Subcellular cell fractionation and mitochondria purification Cells were separated into different fractions according to previously described methods [26, 27] . In brief, cells were harvested and rinsed with mitochondria isolation buffer (MIB, 0.25 M sucrose and 10 mM Tris-HCl, pH 7.4), resuspended in MIB supplemented with 1% protease inhibitor cocktail and homogenized using a glass Dounce homogenizer (Kontes, Sigma-Aldrich) with 20 strokes at 4°C. The homogenate was centrifuged at 1000×g for 10 min to pellet the nucleus. The supernatant was centrifuged at 15,000×g for 20 min at 4°C to pellet the raw mitochondria. Cytoplasmic proteins in the postmitochondria supernatant were precipitated with chloroform and methanol according to Klotz's methods [28] . To further enrich the mitochondria, the pellet of raw mitochondria was resuspended in 36% iodixanol (Sigma-Aldrich) and overlaid with 30 and 10% iodixanol. The gradient was ultracentrifuged (80,000×g, 3 h) at 4°C. The purified mitochondria ere collected at the interface between 10 and 30% iodixanol and washed twice with MIB. Samples of each fraction were prepared by addition of sample buffer and subjected to immunoblot analysis.
Western blots Cells were rinsed with ice-cold 1×PBS and lysed in nonreducing buffer containing 100 mM Tris-HCl, pH 6.8, 2% SDS, 50 mM IAA, supplemented with PMSF and cocktail, or reducing buffer containing an additional 100 mM DTT. Cell lysates were separated on a 8-12.5% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane (Bio-Rad, Richmond, CA), blocked with 5% nonfat milk in PBS, and immunoblotted with the indicated antibodies. After incubation with the horseradish peroxidase-linked second antibody (Cell Signaling, Beverly, MA, USA) at room temperature, detection was performed using the SuperSignal West Pico Chemiluminescent Substrate Kit (Pierce, Rockford, IL) according to the manufacturer's instructions.
Apoptosis assay Apoptotic cells were measured by staining with FITC-conjugated Annexin-V/propidium iodide (PI) (BD Pharmingen, San Diego, CA, USA) and determination via flow cytometer according to the manufacturer's instructions, as described previously [29] . Both early apoptotic (Annexin-V-positive, PI-negative) and late apoptotic (Annexin-V-positive and PI-positive) cells were included in cell death determinations.
TUNEL assay Cells were seeded in 6-well plates 1 day prior to treatments. Apoptosis in tumor tissue sections was determined using the In Situ Cell Death Detection kit (Roche, Mannheim, Germany). In brief, tumor tissue sections of formalin-fixed paraffin-embedded specimens were dewaxed in xylene and rehydrated in a graded series of ethanol. The tumor samples were incubated with proteinase K (2 mg/mL), and the TdT mediated dUTP-biotin nickend labeling (TUNEL) staining was performed according to the manufacturer's instructions.
Real-time quantitative RT-PCR Total RNA from the cell lines were extracted with TRIzol reagent (Invitrogen, Carlsbad, CA) and treated with RNase-free DNase (Promega, Madison, WI, USA). Quantitative real-time PCR was performed using the SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The primers used are listed as follows: Mcl-1-5′-GTGCCTTTGTGGCTAAACACT-3′(forward), 5′-AGT-CCCGTTTTGTCCTTACGA-3′(reverse), with β-actin-5′-CATCCTCAC-CCTGAAGTACCC-3′ (forward), 5′-AGCCTGGATAGCAACGTACATG-3′(reverse). Real-time RT-PCR was performed, and the data were analyzed according to a previous report [30] .
Plasmids and shRNAs Plasmids for knockdown were constructed by inserting the corresponding shRNA sequences into the pGIPz plasmid (Dharmacon). The shRNA sequences are listed as follows: TAGCGGTCGCC-GAAATGTT (shAIF#1), CTGGTATCCGATCAGAGAG (shAIF#2), TACAAATACATTTACAAGC (shMcl-1#1), and TGTTAGCCATAATCCTCTT (shMcl-1#2). Plasmids expressing Flag-tagged Mcl-1 were generated by inserting the corresponding coding sequence into a pBabe-Flag vector (Clontech, CA, USA). After co-transfection of lentiviral packaging plasmids into 293T cells, lentivirus-containing supernatants were harvested 48 h after transfection. SW620 or RKO cells were infected with the lentiviral supernatant and selected by puromycin.
Statistical analysis All in vitro experiments were repeated at least three times with similar results. The results are expressed as the mean ± S.D. The P-values for comparison between groups were obtained via Student's t-test. All statistical tests were two-sided, and P-value < 0.05 (*) was considered to be statistically significant.
RESULTS
AA005 exhibits antitumor activity in xenografts of colon cancer SW620 cells
To examine the antitumor activity of AA005 in vivo, athymic nude mice bearing implanted xenografts of colon cancer cell line SW620 were treated with AA005 (Fig. 1a) or vehicle control. Treatment with AA005 resulted in a dramatic suppression of tumor growth 13 days following drug exposure (Fig. 1b) . In contrast, no significant change in body weight was noted in a comparison of the vehicle control and AA005 regimen (Fig. 1c) , indicating that no severe toxicity was observed. At the end of the growth period, the mean tumor volume was 3.7 times higher for the control group than the AA005-treated group (1178 vs. 318 mm 3 , P = 0.019; Fig. 1b, d and e), with a mean tumor weight that was three times higher for the control group than the AA005-treated group (0.6 vs. 0.2 g, P = 0.005; Fig. 1f ). The average inhibitory rate of tumor growth was 67.5% (Fig. 1g ). Thus treatment with AA005 produced obvious tumor growth inhibition effects without toxicity to the animals. /0.2 mL per mouse). After 1 week, mice were treated with 5 mg/kg AA005 daily (intraperitoneally) or with the vehicle control for 21 consecutive days, and the tumor volumes were calculated (6 mice per group). c Body weight of mice. d Photograph of tumors in nude mice at the end of the experiment. Scale bars, 1 cm. e Tumors of each group when nude mice were killed. Scale bars, 1 cm. f The average tumor weight of each group is expressed as the mean ± S.D. g The average inhibitory rate of tumor growth was calculated. The inhibitory rate of tumor growth = (1 − tumor weight of AA005 group/tumor weight of control group) × 100%. *P < 0.05; **P < 0.01 vs. the vehicle control group Treatment with AA005 results in cell death and translocation of AIF in the xenografts To validate the antitumor effect of AA005, we first determined the cell death in the tumor tissue of the colon cancer xenograft using TUNEL assay. The TUNEL-positive cells of the tumor sections were significantly increased in AA005-treated SW620 xenograft mice compared with the control group (Fig. 2a, b) . In contrast, a weak reduction in cell proliferation was noted in the AA005-treated group compared with the vehicle control, as indicated by Ki-67 staining (Fig. 2c) , suggesting that AA005 inhibited tumor growth primarily through induction of cell death.
Our previous findings suggested that AA005 triggered caspase-3-independent cell death mediated by AIF in vitro [7] , and thus we aimed to explore the effect of AIF on AA005-administered mice. Notably, nuclear translocation of AIF in tumor sections of SW620 xenograft mice increased upon AA005 treatment, as shown by IHC staining (Fig. 2d, e) . Moreover, the increased level of AIF was determined in the nucleus of tumor fractions derived from the nude mice treated with AA005 as observed in Western blots (Fig. 2f) . Together, these results indicated that AIF potentially contributes to AA005-induced cell death in vivo.
Exposure of colon cancer cells to AA005 results in the downregulation of Mcl-1 To elucidate the mechanisms of AA005-induced cell death, we administered AA005 to colon cancer cell line SW620, followed by cell viability analysis with trypan-blue exclusion assays. A dose-dependent study revealed that the percentages of dead cells were 22.62 ± 2.89%, 53.89 ± 1.79%, 66.73 ± 2.40%, and 75.00 ± 1.33% when SW620 cells were treated for 48 h with 0.2, 1, 5, and 25 μM AA005, respectively (Fig. 3a) . Time-course analysis including treatment with AA005 for 12, 24, and 48 h showed that the cell death-inducing activity of AA005 was also time-dependent (Fig. 3a) . Furthermore, Annexin-V/PI double stain-based flow cytometry analysis indicated that although nearly 60% of cells had died at 48 h with 1 μM AA005 treatment, no obvious Annexin-V + /PI − cells were detected throughout this process (Fig. 3b) , indicating that AA005-induced cell death does not represent classical apoptosis. TUNEL analysis [31] of the 1 μM AA005 treatment group showed increased TUNEL-positive cells, indicating that AA005 induced DNA fragmentation (Fig. 3c) . Subcellular fractionation assays also showed AIF translocation into the nucleus after treatment with AA005, which was consistent with the results in vivo (Fig. 3d) . Thus AA005 promoted AIF nuclear translocation and triggered AIF-dependent cell death in vitro.
However, the intrinsic cell death signaling that triggers AIF translocation to cause AA005-induced cell death remains ambiguous. We sought to further clarify the molecular mechanisms of AA005 killing of cancer cells. Reportedly, anti-apoptotic Bcl-2 family proteins play an important role in the regulation of cell death by AIF [32] . The effects of AA005 on the expression of Bcl-2 family proteins were examined in SW620 cells. Exposure of cells to 1 μM AA005 for the indicated time resulted in a significant timedependent decrease in levels of Mcl-1. Furthermore, translocation of Bax from the cytosol to mitochondria was noted in cells treated with AA005. In contrast, exposure of cells to AA005 did not discernibly modify the expression of other Bcl-2 family proteins, including Bcl-2 and Bcl-xL (Fig. 3e) .
To determine whether the AA005-mediated lethality observed in SW620 cells also occurs in other colon cancer cell lines, parallel studies were performed in RKO cells. Consistent with the findings in SW620 cells, the same AA005 concentrations and exposure intervals resulted in a pronounced increase in cell death (Fig. 4a) and non-canonical apoptotic cell death (Fig. 4b) . Similarly, AA005 induced an increase in TUNEL-positive RKO cells (Fig. 4c) . These events were also accompanied by nuclear AIF accumulation (Fig. 4d) , downregulation of Mcl-1 and translocation of Bax (Fig. 4e) . These findings indicated that AA005-induced cell death is in association with Mcl-1 downregulation in colon cancer cells. (Fig. 5a) . Similarly, the expression levels of Mcl-1 mRNA were reduced after AA005 treatment for 6 h in RKO cells (Supplementary Figure S1) . Such findings suggested that AA005 downregulated Mcl-1 protein through inhibition of transcription.
To determine whether the downregulation of Mcl-1 mediated by AA005 occurs through the proteasome pathway, SW620 cells were pretreated with or without AA005 for 4 h, followed by treatment with proteasome inhibitor MG132 for the indicated time (Fig. 5b) , which demonstrated that treatment with MG132 alone did not affect the protein level of Mcl-1 and that the combination of AA005 and MG132 did not block the downregulation of Mcl-1 mediated by AA005. These findings suggest that downregulation of Mcl-1 mediated by AA005 does not occur through the proteasome pathway.
We also investigated the effect of protein synthesis inhibitor cycloheximide (CHX) on the downregulation of Mcl-1 mediated by AA005. The protein level of Mcl-1 was significantly decreased after CHX treatment for 4 h, but no obvious changes were noted at 2 h. However, the combination treatment of AA005 and CHX showed a significant decrease of Mcl-1 at 2 h, indicating that AA005 possibly reduces the half-life of Mcl-1 by suppressing the synthesis of this protein (Fig. 5c ).
Mcl-1 potentially contributes to AA005-induced AIF-dependent cell death To address whether Mcl-1 regulates AIF translocation induced by AA005, two pairs of shRNAs (shAIF#1 and shAIF#2) targeted Fig. 3 AA005 induces AIF-dependent parthanatos in SW620 cells. a SW620 cells were treated with AA005 at the indicated concentrations. Cell death was measured by trypan-blue exclusion assay. *P < 0.05; **P < 0.01; ***P < 0.001, vs. vehicle control group. b SW620 cells were treated with 1 μM AA005 for 24 or 48 h. Cells were stained with Annexin-V/PI, and the percentage of dead cells was determined using flow cytometry. c TUNEL analysis of SW620 cells treated with or without 1 μM AA005. Images were viewed using an Olympus BX-51 fluorescence microscope. Scale bars: 20 μm. **P < 0.01. d, e After treatment with AA005 for the indicated time, total cellular extracts and subcellular fractionations were subjected to Western blot analysis using antibodies against AIF, Mcl-1, Bcl-2, Bcl-xL, and Bax. COX IV (mitochondrial fractions; M), Lamin B (nuclear extracts; N), and actin (cytosolic fractions; C) were used to ensure equivalent loading specifically against AIF were used to knockdown AIF expression together with the non-specific scramble shRNA (shNC) as a negative control. shRNA but not shNC significantly silenced AIF expression (Fig. 6a) , whereas AIF knockdown failed to affect the downregulation of Mcl-1 evoked by AA005 (Fig. 6a) . In accordance, SW620 cells were stably transfected with a lentivirus harboring shNC or shRNA (shMcl-1#1) against Mcl-1. The absence of Mcl-1 expression was confirmed by Western blot analysis (Fig. 6b) . Notably, knockdown of Mcl-1 in SW620 cells accelerated AIF translocation and a slight increase in Bax translocation to the mitochondria after AA005 treatment compared with control cells (Fig. 6c, d ). These observations implied that Mcl-1 downregulation was required for AIF translocation from the mitochondria to the nucleus and that Mcl-1 was potentially a crucial upstream regulator of AIF in AA005-induced cell death.
Diminished expression of Mcl-1 by RNA interference enhances AA005-mediated lethality To further confirm the functional role of Mcl-1 in AA005-mediated lethality in colon cancer cells, shRNAs targeted specifically against Mcl-1 were used to knockdown Mcl-1 expression together with shNC as a negative control in SW620 and RKO cells. shRNA but not shNC significantly silenced Mcl-1 expression (Fig. 7a) . Knockdown of Mcl-1 in SW620 cells increased cell death by~30% at each dose of AA005 compared with control cells (Fig. 7b) , and similar findings were observed in RKO cells (Fig. 7c) . These data indicated that Mcl-1 had a critical role in AA005-mediated cell death.
Ectopic expression of Mcl-1 attenuates AA005-mediated lethality To determine whether downregulation of Mcl-1 has a functional role in AA005-induced cell death, SW620 and RKO cells that stably overexpressed Mcl-1 were selected (Fig. 7d) . Overexpression of Mcl-1 in the two cell lines displayed more than two-fold increases in Mcl-1 protein levels compared with the empty vector control (EV) (Fig. 7d) . Significantly, enforced expression of Mcl-1 attenuated AA005-mediated cell death both in SW620 (Fig. 7e ) and RKO cells (Fig. 7f) . Taken together, these findings indicated that Mcl-1 downregulation has a significant functional role in AA005-mediated lethality.
Mcl-1 downregulation mediates the in vivo antitumor effects of AA005 Given that Mcl-1 downregulation had a significant functional role in AA005-mediated lethality in vitro, whether Mcl-1 downregulation also affected tumor growth in vivo was further investigated. To this end, we subcutaneously injected shNC or shMcl-1#1-infected SW620 cells into the flanks of nude mice and treated them with AA005 or vehicle control. Consistent with the antitumor effects in colon cancer cells (Fig. 7b, c) , the tumor growth inhibitory effect of AA005 was significantly enhanced in the silent Fig. 4 AA005 induces AIF-dependent parthanatos in RKO cells. a RKO cells were treated with AA005 at the indicated concentrations for 12, 24, or 48 h. Cell death was measured by trypan-blue exclusion assay. **P < 0.01; ***P < 0.001 vs. the vehicle control group. b RKO cells were treated with 1 μM AA005. Cells were stained with Annexin-V/PI, and the percentage of dead cells was determined using flow cytometry. c TUNEL analysis of RKO cells treated with or without 1 μM AA005. Images were viewed using an Olympus BX-51 fluorescence microscope. Scale bars: 20 μm. **P < 0.01. d, e After treatment with AA005 for the indicated time, total cellular extracts and subcellular fractionations were prepared and subjected to Western blot analysis using antibodies against AIF, Mcl-1 and Bax. COX IV (mitochondrial fractions; M), Lamin B (nuclear extracts; N), and actin (cytosolic fractions; C) were used to ensure equivalent loading
Mcl-1 expression group compared with the control group (Fig. 8a) . No significant change in body weight was noted compared with the control group and the shMcl-1 group with or without AA005 treatment (Fig. 8b) , indicating that no severe toxicity to the animals occurred.
At the end of the growth period, the mean tumor volume was 5.4 times higher for the vehicle-treated shNC group than the AA005-treated shMcl-1 group (1446 vs. 267 mm 3 , P = 0.0001) and 2.5 times higher for the AA005-treated shNC group than the AA005-treated shMcl-1 group (663 vs. 267 mm 3 , P = 0.0026) (Fig. 8a, c) . The mean tumor weight was 4.2 times higher for the vehicle-treated shNC group than the AA005-treated shMcl-1 group (0.65 vs. 0.15 g, P = 0.0002) and three times higher for the AA005-treated shNC group than the AA005-treated shMcl-1 group (0.45 vs. 0.15 g, P = 0.0012) (Fig. 8d, e) . Compared with the control tumors, silent Mcl-1 expression tumors were significantly more AA005 at the designated intervals, after which total RNA were isolated, and Mcl-1 mRNA were quantified using real-time reverse transcription-polymerase chain reaction (RT-PCR). **P < 0.01 vs. control group. b, c SW620 cells were pretreated with or without AA005 (1 μM) for 4 h followed by MG132 (1 μM) or CHX (2 μM) treatment for the indicated time. Total cellular extracts were prepared and subjected to Western blot assay using antibodies against Mcl-1 and actin Fig. 6 Mcl-1 is an upstream regulator of AIF in AA005-induced cell death. a SW620 cells were stably transfected with a lentivirus-containing shRNA specific for scrambled negative control (shNC) or AIF (shAIF#1 and shAIF#2). After treatment with AA005 for the indicated time, total cellular extracts were subjected to Western blot assay using antibodies against AIF and Mcl-1 and standardized to actin. b-d SW620 cells were stably transfected with lentivirus-containing shNC or Mcl-1 (shMcl-1#1), and the absence of Mcl-1 expression was confirmed by Western blot analysis standardized to actin (b), shNC (c), and shMcl-1#1 (d). Cells were treated with 1 μM AA005 for the indicated time, and subcellular fractionations were subjected to Western blot assay using antibodies against AIF and Bax. COX IV (mitochondrial fractions; M), Lamin B (nuclear extracts; N), and actin (cytosolic fractions; C) were used to ensure equivalent loading sensitive to AA005. Consistent with the in vitro findings, silent Mcl-1 expression substantially enhanced AA005-induced cell death, as indicated by TUNEL staining (Fig. 8f) . Furthermore, Mcl-1 expression in tumor sections of SW620 xenograft mice decreased upon AA005 treatment, as measured by immunohistochemical staining (Fig. 8f) and Western blots (Fig. 8g) , which was consistent with the former results (Fig. 3e) . These results demonstrated a pivotal role of Mcl-1 downregulation in mediating the in vivo antitumor effects of AA005.
Mcl-1 downregulation is upstream of RIP-1 activation Our previous findings suggested that AA005 could trigger AIFdependent cell death, which is mediated through RIP-1 [7] , and therefore, we aimed to explore the relationship between Mcl-1 downregulation and activation of RIP-1. Inhibition of RIP-1 by Necrostatin-1 (Nec-1) or RIP-1 knockdown failed to affect the downregulation of Mcl-1 after AA005 treatment (Fig. 9a, b) . However, Mcl-1 knockdown accelerated upregulation of RIP-1 induced by AA005 (Fig. 9c) , and enforced expression of Mcl-1 attenuated upregulation of RIP-1 induced by AA005 (Fig. 9d) . Furthermore, the RIP-1 expression of xenograft tumor tissues in the AA005-treated shMcl-1 group was higher than that in the control group, as measured by Western blots (Fig. 9e) , which was consistent with the former in vitro results. These results implied that Mcl-1 potentially acts as a crucial upstream regulator and mediates upregulation of RIP-1 and AIF translocation in AA005-induced cell death. Taken together, we present an illustration of the potential mechanisms of AA005 action in colon cancer cells (Fig. 9f) .
DISCUSSION
Annonaceous acetogenins represent a series of C-35/C-37 natural products with hydroxylated THF and γ-lactone ring structures. Many members of this family display cytotoxic activity by perturbation of the terminal electron transfer step in complex I of mitochondria. AA005 is a mimetic of annonaceous acetogenin in which both of the THF rings are replaced by an ethylene glycol ether unit. AA005 retains the essential functionalities of the natural acetogenins and shows more powerful biological activity [3, 7, [33] [34] [35] [36] . However, the in vivo antitumor effects and the detailed mechanisms of AA005 action remain ambiguous. In our previous work, we found that AA005 could induce cell death in colorectal adenocarcinoma cells, as characterized by lack of caspase-3 activation or apoptotic body formation, sensitivity to poly(ADP-ribose) polymerase inhibitor Olaparib (AZD2281) but not pan-caspase inhibitor Z-VAD.fmk, and dependence on AIF, similar to that of the DNA-alkylating agent N-methyl-N′-nitro-N-nitrosoguanidine (MNNG)-treated cell death [7] . This caspase-independent type of apoptosis is known as parthanatos [37] . In this study, we report that AA005 has favorable antitumor activity in vivo as indicated by suppression of tumor growth through induction of -1) , respectively, and subjected to Western blot assay using an antibody against Mcl-1 (d). Mcl-1 and EV cells of SW620 (e) or RKO (f) were treated with AA005 for 48 h. Cell death was measured by trypan-blue exclusion assay. *P < 0.05; **P < 0.01; ***P < 0.001 vs. the control group AIF-dependent cell death. The results also strongly support our recent study [7] .
Directed induction of cell death could offer therapeutic benefits for cancer treatment. Such treatments primarily target the caspase pathways to induce apoptosis [26, [38] [39] [40] . However, caspase activation might be dispensable for certain types of apoptosis, and increasing attention has been drawn to key molecules involved in non-apoptotic cell death or caspase-independent apoptosis [41] [42] [43] [44] [45] [46] [47] [48] . The mitochondrial protein AIF is a new therapeutic target involved in most of the caspase-independent apoptosis systems, including programmed necrosis [38, [49] [50] [51] [52] . As a core executor in caspaseindependent cell death, AIF has been intensively studied [41] , but many study results are highly controversial. We suggest that AA005 is an effective chemical probe for examining the role of AIF. /0.2 mL per mouse). After 1 week, mice were treated with 5 mg/kg AA005 daily (intraperitoneally) or with the vehicle control for 21 consecutive days. The tumor volume was calculated (6 mice per group). *P < 0.05; **P < 0.01; ***P < 0.001 vs. the vehicle control group. b Body weight of mice during the 21 days of drug treatment. c Representative image of tumors in nude mice at the end of the experiment. Scale bars, 1 cm. d Tumors of each group when nude mice were killed (6 mice per group). Scale bars, 1 cm. e The average tumor weight of each group is expressed as the mean ± S.D. (6 mice per group). f Tumors were obtained from mice, fixed, and stained with hematoxylin and eosin (H&E), assayed via TUNEL, and the levels of MCL-1 were determined using immunohistochemistry. Scale bars, 50 μm. g Western blots for the expression levels of MCL-1 in each tumor group Furthermore, AA005 might represent the basis of a novel treatment for cancers that are resistant to classical apoptotic reagents.
Notably, our results demonstrate for the first time that downregulation of Mcl-1 has an important role in AA005-mediated lethality. One of the hallmarks of cancer is its resistance to apoptosis, which maintains survival of cells en route to oncogenic transformation [53] . Overexpression or amplification of Mcl-1 is one of the most frequent alterations in human cancers [54] . Defective Mcl-1 degradation allows tumor cells to evade the fate of death and underlies development of therapeutic resistance. The development of anticancer agents that diminish Mcl-1 protein levels has been the focus of intense interest [55, 56] . Indeed, a number of studies have documented Mcl-1 downregulation during apoptosis by a variety of agents, including ultraviolet (UV) [57] , kinase inhibitor BAY 43-9006 [58] , and growth factor withdrawal [59] , among others. Our work might offer new clues for cancer therapy and treatment that combines AA005 with other agents targeting Mcl-1.
It has been shown that several cyclin-dependent kinase inhibitors (including SU9516, flavopiridol, and seliciclib) downregulate Mcl-1 expression in cancer cells through inhibition of RNA polymerase (Pol) II, leading to transcriptional repression [60] [61] [62] . Furthermore, SU9516-induced inhibition of Mcl-1 transcription and phosphorylation of RNA Pol II is reactive oxygen species (ROS) dependent. Our previous study showed that AA005 treatment resulted in a marked increase in ROS production at the early stage, which was diminished together with cell death by the free radical scavenger Nacetylcysteine [7] . On the basis of these data, we hypothesize that AA005 kills colorectal adenocarcinoma cells sequentially through inhibition of phosphorylation of the carboxyl-terminal domain of RNA Pol II in association with oxidative damage and downregulation of Mcl-1 at the transcriptional level, culminating in mitochondrial injury and cell death. In addition, it is highly useful to reveal which protein is directly regulated by AA005 during the cell death through chemical proteomics, small molecule/protein crystal structure analysis and/or bioinformatics.
Cellular changes leading to inhibition of programmed cell death have an essential role in tumor development. Moreover, parthanatos represents AIF-induced DNA damage-related cell death. During this process, AIF is released from the mitochondria by a mechanism implicating MOMP [63] , ROS production [64] , or [67] , which frees Bak. At the same time, Bax translocates from the cytosol to the mitochondria. Bax and Bak form pores in the membranes and facilitate the release of AIF from the mitochondrial intermembrane space to the cytosol. Once AIF translocates to the nucleus, it generates DNA breaks, chromatin condensation and the irreversible cell death of parthanatos (Fig. 9f) . However, little is known of the upstream mechanisms that regulate AIF release from mitochondria. Previous reports have shown that calpain controls mitochondrial AIF release during MNNG-induced death [68] . Our data suggest that this process requires the cooperative upstream action of Mcl-1 and Bax. Mcl-1 liberates Bak, yielding MOMP, and Bax facilitates the MOMP necessary for AIF release. Consequently, knockdown of Mcl-1 accelerated AIF translocation, increased Bax translocation to mitochondria, and enhanced AA005-mediated lethality (Fig. 6d) .
AIF-mediated and PARP-1-dependent parthanatos is caspaseindependent and lacks many morphological features of classic apoptosis [69] . However, unlike "accidental" necrosis, it has recently been reported as regulated necrosis [70] . RIP-1 is known as a major mediator in regulation of necrotic cell death [71] . Consistent with this view, data from our study suggest that caspase-independent cell death induced by AA005 also requires the function of RIP-1. In this work, we reveal that Mcl-1 and RIP-1 are upstream of AIF in AA005-induced parthanatos because AA005-induced nuclear AIF accumulation was attenuated in Mcl-1 -/-and RIP-1 inhibitor Nec-1-treated SW620 cells. Furthermore, Mcl-1 is upstream of RIP-1 because it influences RIP-1 activity. Our previous work found that AA005 treatment increased the intracellular concentrations of ROS. In fact, it has been reported that RIP-1 could modulate oxidative stress in AIF-dependent cell death. Therefore, we speculate that AA005 might disrupt mitochondrial function by downregulation of Mcl-1, thus triggering ROS, RIP-1, and the AIF-dependent pathway. This work offers a new clue to the action of AA005.
The mitochondria manage energy generation via citric acid cycle and also play a key role in apoptosis regulation through release of cytochrome c. Although much debate has focused on whether mitochondria contain defects in the oxidative phosphorylation pathway, they could offer a potential target for cancer therapy [72] . Mitochondria complex I has been shown to be targeted by annonaceous acetogenin. On the basis of our findings in colon cancer cells, we propose a model in which AA005 induces downregulation of Mcl-1 as an early event. Bax is translocated to the mitochondria and RIP-1 is upregulated, leading to the release of the apoptogenic molecule AIF into the cytosol, followed by its translocation to the nucleus, where it contributes to large-scale DNA fragmentation and irreversible cell death (Fig. 9f) . However, why mitochondria in cancer cells are more prone to targeting by AA005 remains an open question.
In summary, these findings demonstrate that AA005 exhibits effective antitumor activity in vitro and in vivo by induction of cell death, which occurs in association with downregulation of Mcl-1 and the AIF-dependent signaling pathway. This study strongly suggests that AA005 is a potential new agent for the treatment of colon cancer and deserves further preclinical and clinical studies.
